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1. INTRODUCTION {#cas14351-sec-0001}
===============

Mixed‐lineage leukemias (MLL), including acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML), are aggressive hematological malignancies with dismal outcomes.[1](#cas14351-bib-0001){ref-type="ref"} Chromosomal translocations involving MLL protein predominantly occur in pediatric patients, including approximately 80% of infant leukemias.[2](#cas14351-bib-0002){ref-type="ref"} MLL patients generally have a very poor overall prognosis, and this aggressive disease tends to be refractory to conventional anticancer therapies due to the development of resistance and relapse with established therapies, including chemotherapy and bone marrow transplantation.[3](#cas14351-bib-0003){ref-type="ref"}, [4](#cas14351-bib-0004){ref-type="ref"} In the last decade, improved molecular understanding of MLL‐fusion proteins has led to the identification of several potential mechanism‐based therapeutic targets, and several candidate therapeutic strategies have emerged, including proteasome inhibition.[5](#cas14351-bib-0005){ref-type="ref"}, [6](#cas14351-bib-0006){ref-type="ref"} Proteasome inhibitors (PI) are used to inhibit the ubiquitin‐proteasome pathway and act by targeting intracellular protein turnover, thus promoting cancer therapy. We previously reported that the PI bortezomib shows effectiveness in patients with MLL‐rearranged B‐ALL.[5](#cas14351-bib-0005){ref-type="ref"} However, the inevitable emergence of resistance imposes limits on bortezomib's clinical application.

Innate resistance, as well as acquired resistance arising during treatment, prevents cancer therapies from achieving stable and complete responses.[7](#cas14351-bib-0007){ref-type="ref"}, [8](#cas14351-bib-0008){ref-type="ref"} It is well recognized that cancer cells under therapy stress primarily enter a drug‐tolerant state, which is often achieved through the slowing down of an essential cellular process.[9](#cas14351-bib-0009){ref-type="ref"}, [10](#cas14351-bib-0010){ref-type="ref"}, [11](#cas14351-bib-0011){ref-type="ref"} Increasing evidence implicates the transient drug‐tolerant state as an initial mechanism of the eventual acquisition of drug resistance.[9](#cas14351-bib-0009){ref-type="ref"}, [10](#cas14351-bib-0010){ref-type="ref"} Cancer cells employ such dynamic survival strategies in which individual cells transiently assume a reversible tolerant state to protect the population from eradication by potentially lethal exposures. Interestingly, patients may remain sensitive to PI after relapse with initial therapy in multiple myeloma, implying that PI resistance is reversible.[12](#cas14351-bib-0012){ref-type="ref"}, [13](#cas14351-bib-0013){ref-type="ref"}, [14](#cas14351-bib-0014){ref-type="ref"} However, how cells under therapy stress transmit this survival strategy to naïve cell populations is largely unknown.

The interplay between intratumor heterogeneity and tumor microenvironment (TME) plays a key role in the emergence of drug resistance.[15](#cas14351-bib-0015){ref-type="ref"} Exosomes are small extracellular vesicles (sEV) in the cellular microenvironment that range from 30 to 150 nm in diameter.[16](#cas14351-bib-0016){ref-type="ref"} Most types of cells can release exosomes, which harbor various cargoes, including proteins, lipids and nucleic acids.[16](#cas14351-bib-0016){ref-type="ref"} Exosomes originating from multi‐vesicular bodies are usually secreted into the extracellular matrix by fusion with cytomembrane.[17](#cas14351-bib-0017){ref-type="ref"} According to recent studies, exosomes play essential roles in cellular signaling transduction as well as intercellular communication.[18](#cas14351-bib-0018){ref-type="ref"} Prior studies suggest that exosomes contribute to drug resistance and the modification of TME, and promote cancer metastasis.[17](#cas14351-bib-0017){ref-type="ref"}, [19](#cas14351-bib-0019){ref-type="ref"}, [20](#cas14351-bib-0020){ref-type="ref"}, [21](#cas14351-bib-0021){ref-type="ref"} Exosomal nucleic acids, including microRNA (miRNA), mRNA and DNA fragments, have been explored for their contribution to cellular immunomodulation, chemotherapy resistance, as well as cancer progression.[17](#cas14351-bib-0017){ref-type="ref"}, [22](#cas14351-bib-0022){ref-type="ref"} Xu et al (2019) show that exosomal RNA promotes resistance to PI in multiple myeloma.[23](#cas14351-bib-0023){ref-type="ref"} However, our mechanistic understanding of the role of exosomal proteins in the physiological and pathological environment, particularly in the acquisition of drug tolerance, remains largely elusive.

Recent advances in bioinformatics allow for the integration of transcriptional, proteomic and other sources of data in the context of prior pathway knowledge to find events that drive tumorigenesis or drug resistance.[24](#cas14351-bib-0024){ref-type="ref"} Tied Diffusion through Interacting Events (TieDIE), which uses a network diffusion approach to compute the relationship between proteins, predicts the processes of signal transduction and transcriptomic perturbations.[25](#cas14351-bib-0025){ref-type="ref"}

Here, we demonstrate that PI resistance in MLL is reversible, referring to this as tolerance. Given the critical roles of exosomes in TME, we reasoned that exosomes transmit PI tolerance in MLL, and exosomal proteins play a causal role in the acquisition of resistance. To investigate this hypothesis, we established RNA sequencing as well as quantitative proteome detection to identify factors regulating the acquisition of PI resistance. Using TieDIE analyses, we identified candidate exosomal proteins through dataset integration, providing potential therapeutic targets for treating the aggressive and otherwise refractory MLL. Together, our study reveals that targeting the secretion of exosomes is a promising strategy for overcoming PI resistance.

2. MATERIALS AND METHODS {#cas14351-sec-0002}
========================

2.1. Cell culture {#cas14351-sec-0003}
-----------------

Human pro--B MLL‐rearranged cell lines RS4;11 and SEM were purchased from DSMZ. Cells were cultured in Gibco RPMI 1640 containing 10% exosomes‐free FBS (Gibco, ultracentrifugation at 110 000 *g* for 16 hours) at 37°C with 5% CO~2~. Induced drug‐tolerant cells were generated by exposing naïve cells to a sublethal dose of bortezomib for at least 4 weeks, replenishing the inhibitor every 3 days. The remaining cells after the treatment were considered "tolerant" cells and were collected for analysis. Cell culture supernatant was filtered with a 0.22 µmol/L pore filter (Merck) before use. All cultured cells were tested for mycoplasma contamination before use.

2.2. Reagents {#cas14351-sec-0004}
-------------

Bortezomib (Velcade) and Carfilzomib (PR‐171) were obtained from Selleck Chemicals. GW4869 was obtained from Topscience.

2.3. Exosomes preparation {#cas14351-sec-0005}
-------------------------

Approximately 200 mL conditioned medium was harvested from cultured cells (5 × 10^7^ cells for 48 hours). Then, the samples were centrifuged at 300 *g* for 10 minutes, 2000 *g* for 10 minutes, 10 000 *g* for 10 minutes and 110 000 *g* for 70 minutes at 4°C. Pellets were washed with cold PBS and centrifuged again at 110 000 *g* for 70 minutes at 4°C. The pelleted exosomes were resuspended in 100 μL PBS with Proteinase Inhibitor Cocktail (Roche) and then stored at −80°C.

2.4. Nanoparticle tracking analysis {#cas14351-sec-0006}
-----------------------------------

Nanoparticle tracking analysis (NTA) was used for calculating the size distribution and concentration of exosomes. NanoSight NS300 equipped with particle‐tracking software was used to analyze the vesicle size and concentration. Parameters were kept constant for all samples.

2.5. Transmission electron microscopy {#cas14351-sec-0007}
-------------------------------------

For transmission electron microscopy (TEM), purified exosomes were directly adsorbed onto a formvar‐carbon‐coated 300 mesh copper grid and stained with 2% phosphotungstic acid. TEM images were obtained using a Philips CM120 transmission electron microscope equipped with a tungsten filament and operated at an acceleration voltage of 120 kV.

2.6. Western blot analysis {#cas14351-sec-0008}
--------------------------

Exosomes were lysed with RIPA buffer containing Proteinase Inhibitor Cocktail (Roche) 30 minutes on ice, then centrifuged at 12 000 *g* for 15 minutes at 4°C. Immunoblot assays have been described previously.[26](#cas14351-bib-0026){ref-type="ref"} TSG101, CD63, CD81, CD9, calnexin and GRP78 antibodies were purchased from Abcam. Caspase3 antibody was purchased from Cell Signaling Technology. β‐Actin antibody was obtained from Sigma Aldrich. Antibodies were detected using the enhanced chemiluminescence method (Millipore). Immunoblot signals were acquired with the Amersham Imager 600 (General Electric).

2.7. Liquid chromatography‐mass spectrometry/mass spectrometry {#cas14351-sec-0009}
--------------------------------------------------------------

Exosomes isolated from RS4;11‐naïve and bortezomib‐treated RS4;11 cells through ultracentrifugation were dissolved in RIPA buffer, and exosomal proteins were extracted and then digested overnight at 37°C by trypsin (Promega) through using the filter‐aided sample preparation approach. The quantitative label‐free mass spectrometry assays have been described previously.[20](#cas14351-bib-0020){ref-type="ref"}

2.8. Cell viability and cell proliferation assays {#cas14351-sec-0010}
-------------------------------------------------

The CellTiter 96 MTS assay (Promega) was used to determine the cytotoxicity of the relevant drugs and cell proliferation, according to the manufacturer's instructions. Cell viability was measured with MTS assay 24 hours after the addition of bortezomib or carfilzomib with graded concentrations in triplicate.

2.9. Apoptosis and cell cycle assays {#cas14351-sec-0011}
------------------------------------

Apoptosis and cell cycle were measured using the FITC Annexin V Apoptosis Detection Kit and the APC BrdU Flow Kit from BD Pharmingen as described by the manufacturer, respectively. Cell staining with fluorochromes was acquired using a flow cytometer, and data were analyzed using FlowJo software.

2.10. Total RNA sequencing {#cas14351-sec-0012}
--------------------------

Naïve RS4;11 cells treated with 5 μg/mL exosomes derived from DMSO‐treated or bortezomib‐treated RS4;11 cells for 96 hours, respectively, were collected and lysed with the TRIzol Reagent. Total RNA was extracted from TRIzol Reagent according to the manufacturer's instructions and mRNA‐seq libraries were sequenced using BGISEQ‐500RS.

2.11. Tied Diffusion through Interacting Events pathway analysis {#cas14351-sec-0013}
----------------------------------------------------------------

The TieDIE algorithm uses heat diffusion strategies by leveraging different types of inputs to compute "subnetworks" based on the "Multinet" pathway database as a background network [27](#cas14351-bib-0027){ref-type="ref"} with high specificity.[24](#cas14351-bib-0024){ref-type="ref"}, [25](#cas14351-bib-0025){ref-type="ref"} We performed TieDIE analysis according to the tutorial, to connect differential genes of recipient cells with differential exosomal proteins. The software Cytoscape V3.5.1 is used for integrating biomolecular interaction networks.[28](#cas14351-bib-0028){ref-type="ref"}

2.12. Mouse studies {#cas14351-sec-0014}
-------------------

NOD‐SCID mice were purchased from Vital River Laboratory; 2 × 10^7^ RS4;11 or 1 × 10^6^ MLL‐rearranged ALL patient‐derived xenograft (MLLr‐PDX) cells were intravenously injected into NOD‐SCID mice. Mice were then administered bortezomib intravenously at 1 mg/kg on a twice‐weekly schedule, or administered GW4869 intraperitoneally at 1.5 mg/kg three times per week, beginning 2 weeks after the xenograft. Mice were treated for 4 consecutive weeks and then monitored for disease and killed when they became moribund. The percentage of leukemic cells in the peripheral blood of mice was monitored using CD133 antibody (CD133‐PE, Miltenyi Biotec) for RS4;11 or CD45 antibody (CD45‐FITC, Biolegend) for MLLr‐PDX.[29](#cas14351-bib-0029){ref-type="ref"} Animal care and sacrifice were conducted according to methods approved by the Animal Care and Use Committee of the Center for Animal Experiments of Shanghai Jiao Tong University.

2.13. Statistical analysis {#cas14351-sec-0015}
--------------------------

GraphPad Prism 7 statistical software was used for statistical analysis. Student's *t* test was used to analyze the differences between the groups. Means were illustrated with error bars representing ± the SD, and statistical relevance was evaluated using the following *P*‐values: *P* \< 0.05 (\*), *P* \< 0.01 (\*\*), or *P* \< 0.001 (\*\*\*).

3. RESULTS {#cas14351-sec-0016}
==========

3.1. Exosomes mediate reversible proteasome inhibitor resistance in mixed‐lineage leukemia cells {#cas14351-sec-0017}
------------------------------------------------------------------------------------------------

We have previously demonstrated that PI shows effectiveness in mouse models and patients with MLL‐rearranged leukemia.[5](#cas14351-bib-0005){ref-type="ref"} To determine whether PI resistance in treatment‐refractory MLL cells is reversible, we transplanted RS4;11 cells into NOD‐SCID mice and collected the residual cells from xenograft mice treated with bortezomib or mice in which bortezomib was withdrawn after treatment (Figure [1A](#cas14351-fig-0001){ref-type="fig"}). The results revealed that the residual cells surviving bortezomib exposure showed resistance to bortezomib (Figure [1B](#cas14351-fig-0001){ref-type="fig"},[C](#cas14351-fig-0001){ref-type="fig"}), and the mice in which bortezomib was withdrawn exhibited remarkably enhanced sensitivity to this drug (Figure [1B](#cas14351-fig-0001){ref-type="fig"},[C](#cas14351-fig-0001){ref-type="fig"}), suggesting that PI resistance is reversible in MLL cells. We further generated MLL‐rearranged patient‐derived xenografts (MLLr‐PDX) and collected the bone marrow cells from xenograft mice treated with bortezomib or from those bortezomib was withdrawn after treatment (Figure [S1](#cas14351-sup-0001){ref-type="supplementary-material"}A). The results revealed that the residual MLLr‐PDX cells surviving bortezomib exposure showed resistance to bortezomib, and subsequent removal of bortezomib diminished resistance in these cells (Figures [1D](#cas14351-fig-0001){ref-type="fig"} and [S1](#cas14351-sup-0001){ref-type="supplementary-material"}B), suggesting that PI resistance is reversible in MLLr‐PDX cells.

![Exosomes mediate reversible proteasome inhibitor (PI) resistance in mixed‐lineage leukemias (MLL) cells. A, Schematic for the different bortezomib treatment strategies of the MLL cells on the xenograft NOD‐SCID mice. B, Bone marrow cells from the xenograft mice were obtained and dead cells were removed. Flow cytometric detection of CD133 expression and apoptosis was measured 16 hr after the addition of bortezomib. Histogram of four independent biological replicates with three technical replicates is shown (right panel). C, Cell viability of bone marrow cells derived from RS4;11 xenograft mice was measured with MTS assay 24 hr after the addition of bortezomib. The IC~50~ of different cells was quantified. Histogram of four independent biological replicates with three technical replicates is shown. D, Cell viability of bone marrow cells derived from MLLr‐PDX xenograft mice was measured with MTS assay 24 hr after the addition of bortezomib. Histogram of six independent biological replicates with three technical replicates is shown. E, Cell viability of RS4;11 or SEM cells with bortezomib at the indicated concentrations for 24 h. F, RS4;11 or SEM cells were treated with supernatant derived from RS4;11 cells under the indicated treatment (5 nmol/L for bortezomib or 5 μmol/L for GW4869). Cell viability with bortezomib at the indicated concentrations for 24 h was detected. G, The indicated cells were treated with the corresponding cell‐derived supernatant. Nanoparticle tracking analysis of isolated small extracellular vesicles (sEV) was detected. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; two‐tailed *t* test. Data are represented as mean ± SD](CAS-111-1279-g001){#cas14351-fig-0001}

To investigate the mechanism underlying the emergence of reversible PI resistance in MLL, we performed sublethal treatment experiments and modeled bortezomib‐resistant cells. MLL cells were exposed to a sublethal dose of bortezomib for 4 weeks, followed by recovery in drug‐free medium for an additional 4 weeks. Notably, sublethal bortezomib‐treated cells were more tolerant to the subsequent treatment (Figure [1E](#cas14351-fig-0001){ref-type="fig"}). Besides, RS4;11‐resistant cells exhibited cross--resistance to carfilzomib, another PI (Figure [S1](#cas14351-sup-0001){ref-type="supplementary-material"}C). Subsequent removal of bortezomib allowed these cells to revert to a relatively PI‐sensitive state (Figures [1E](#cas14351-fig-0001){ref-type="fig"} and [S1](#cas14351-sup-0001){ref-type="supplementary-material"}C). We also evaluated another pro--B MLL cell line, SEM, and a similar state of drug tolerance was observed (Figures [1E](#cas14351-fig-0001){ref-type="fig"} and [S1](#cas14351-sup-0001){ref-type="supplementary-material"}D,E). These results confirmed the reversibility of PI resistance in MLL. Furthermore, our results indicate that these PI‐resistant cells are not inherently resistant to PI but, rather, exist in a transient and reversible drug‐tolerant state.

Increasing evidence implies that the transient drug‐tolerant state acquired by cancer cells under therapy stress is an initial mechanism of the eventual acquisition of drug resistance.[9](#cas14351-bib-0009){ref-type="ref"}, [10](#cas14351-bib-0010){ref-type="ref"} To evaluate whether the TME under therapy stress mediates the acquisition of PI resistance in naïve cells, we cultured bortezomib‐sensitive cells with cell culture supernatant of DMSO‐treated or bortezomib‐treated RS4;11 cells after filtration (0.22 μm), respectively. The results showed that bortezomib‐treated cell‐derived supernatant significantly increased the resistance of naïve cells to bortezomib (Figure [1F](#cas14351-fig-0001){ref-type="fig"}), suggesting the effect of extracellular factors in drug resistance. The neutral sphingomyelinase inhibitor GW4869 partially inhibits the secretion of exosomes through the ceramide pathway (Figure [S1](#cas14351-sup-0001){ref-type="supplementary-material"}F).[30](#cas14351-bib-0030){ref-type="ref"} Compared with cells exposed to bortezomib‐treated cell‐derived supernatant, we saw an increased cell sensitivity when using supernatant from the combination of bortezomib and GW4869‐treated RS4;11 cells, which contained fewer exosomes (Figure [1F](#cas14351-fig-0001){ref-type="fig"},G), indicating that the effects on cell viability seen with the addition of PI‐treated cell supernatant are at least partly due to the presence of exosomes, and that these exosomes can be eliminated by treating the cells with GW4869. These results suggest that exosomes produced by cells under treatment stress mediate drug resistance in recipient cells.

3.2. Characterization of extracellular vesicles {#cas14351-sec-0018}
-----------------------------------------------

The secretion of sEV is an essential means by which tumors induce systemic changes; however, how they regulate the behavior of recipient cells remains largely unknown. RS4;11 cells were treated with bortezomib, and sEV were isolated through ultracentrifugation and determined by NTA. We observed that the concentration and size of sEV were increased in bortezomib‐treated cells (Figure [2A](#cas14351-fig-0002){ref-type="fig"}), indicating that PI treatment induced the release of sEV in MLL cells. Subsequently, sEV from the conditioned medium of naïve and bortezomib‐treated RS4;11 cells were isolated through ultracentrifugation and characterized comprehensively. The NTA results showed that the size of sEV was around 95 and 106 nm, in naïve and bortezomib‐treated RS4;11 cells, respectively (Figure [2B](#cas14351-fig-0002){ref-type="fig"}). Figure [2C](#cas14351-fig-0002){ref-type="fig"} demonstrates that the vesicles have a membrane structure and the size is almost 100 nm, visualized by TEM. Exosome representative markers, including endosomal TSG101 as well as tetraspanins CD9, CD63 and CD81, were specifically enriched in the isolated sEV (Figure [2D](#cas14351-fig-0002){ref-type="fig"}), whereas intracellular proteins, calnexin and GRP78, were negligible. The presence of these exosome marker proteins together with their size[31](#cas14351-bib-0031){ref-type="ref"} indicate that the sEV are from endosomal origin, and most are exosomes.

![Characterization of extracellular vesicles. A, Nanoparticle tracking analysis of isolated small extracellular vesicles (sEV) from RS4;11 cells treated with 10 nM bortezomib. Ten frames per sample were analyzed. B, Nanoparticle tracking analysis of isolated sEV from DMSO‐treated or bortezomib‐treated RS4;11 cells. C, Transmission electron microscopy analysis of isolated sEV showed the presence of vesicles with the appropriate size and morphology. D, Immunoblot of sEV showed the absence of calnexin and GRP78 and presence of tetraspanins CD9, CD63 and CD81, as well as endosomal TSG101, which were enriched. n.s., not significant; \**P* \< 0.05; two‐tailed *t* test. Data are represented as mean ± SD](CAS-111-1279-g002){#cas14351-fig-0002}

3.3. Exosomes derived from proteasome inhibitor‐treated cells induce cell cycle arrest and proteasome inhibitor resistance {#cas14351-sec-0019}
--------------------------------------------------------------------------------------------------------------------------

Exosomes have been previously reported to promote resistance of cancer cells to chemotherapies through different mechanisms.[19](#cas14351-bib-0019){ref-type="ref"}, [23](#cas14351-bib-0023){ref-type="ref"} Therefore, we reasoned that exosomes might contribute to tolerance transitions to facilitate the acquisition of PI resistance that underlies inevitable relapse under treatment stress. To confirm the critical role of exosomes in mediating tolerance transition, we exposed PI‐sensitive cells to bortezomib‐treated RS4;11‐released exosomes (RS4;11‐Rexo) and observed the aggregation of naïve RS4;11 cells (Figure [3A](#cas14351-fig-0003){ref-type="fig"}), consistent with the idea that cell adhesion and aggregation lead to enhanced cell viability.[32](#cas14351-bib-0032){ref-type="ref"} Furthermore, compared with naïve cells and cells treated with RS4;11‐naïve cell‐derived exosomes (RS4;11‐Nexo), cells treated with RS4;11‐Rexo showed significant resistance to bortezomib (Figure [3B](#cas14351-fig-0003){ref-type="fig"},[C](#cas14351-fig-0003){ref-type="fig"}, and Figure [S2](#cas14351-sup-0001){ref-type="supplementary-material"}A). Moreover, cells pre--treated with very low concentrations of RS4;11‐Rexo were resistant to PI‐induced apoptosis (Figure [3C](#cas14351-fig-0003){ref-type="fig"}). These results indicate that exosomes released from cells under treatment stress change the microenvironment and transmit chemoresistance to drug‐sensitive naïve cells.

![Exosomes derived from PI‐treated cells induce cell cycle arrest and proteasome inhibitor (PI) resistance. A, Representative images of RS4;11 cells treated either with PBS, 5 µg/mL RS4;11‐naïve exosomes (RS4;11‐Nexo) or PI‐treated RS4;11‐released exosomes (RS4;11‐Rexo) for 4 d. B, RS4;11 cells were treated with PBS, 5 µg/mL RS4;11‐Nexo or 5 µg/mL RS4;11‐Rexo for 4 d. Cell viability with bortezomib at the indicated concentrations for 24 h was detected. C, RS4;11 cells were treated with the indicated concentrations of exosomes for 4 d. The percentage of annexin V‐positive cells was determined after a 16 h treatment with 5 nmol/L bortezomib. D, The proliferation of RS4;11 cells treated with PBS or 5 µg/mL indicated exosomes for 6 d. E, Cell cycle profiling of RS4;11 cells treated with PBS or 5 µg/mL indicated exosomes for 4 d. Stacked barplot shows the fraction of cells viable in G1, S and G2/M phases of the indicated cells. F, RS4;11 cells were treated with PBS, 5 µg/mL RS4;11‐Rexo or exosomes treated with proteinase K and 1% Triton X‐100 for 30 min at 4°C. The percentage of Annexin V‐positive cells was determined after a 16‐h treatment with 5 nmol/L bortezomib. n.s, not significant; \**P* \< 0.05; \*\**P* \< 0.01; two‐tailed *t* test. Data are represented as mean ± SD](CAS-111-1279-g003){#cas14351-fig-0003}

To further characterize these recipient cells, we evaluated cell proliferation, and observed that the growth of cells treated with RS4;11‐Rexo was notably decreased (Figures [3D](#cas14351-fig-0003){ref-type="fig"} and [S2](#cas14351-sup-0001){ref-type="supplementary-material"}B). Subsequently, these recipient cells were analyzed by flow cytometry and the results showed that the S‐phase of the cell cycle was significantly reduced, accompanied by an increase in G1‐phase in RS4;11‐Rexo‐treated cells (Figures [3E](#cas14351-fig-0003){ref-type="fig"} and [S2](#cas14351-sup-0001){ref-type="supplementary-material"}C). The above results revealed that exosomes derived from cells under therapy stress suppressed cell cycle processes of naïve cells to render these cells insensitive to drugs and make them resistant to current therapies.

We then sought to confirm whether exosomal proteins contribute to PI resistance. The membrane of sEV can be disrupted by the addition of detergent and allow the proteinase K to enter, which degrades exosomal proteins.[20](#cas14351-bib-0020){ref-type="ref"} We found that RS4;11‐Rexo‐induced PI resistance was abolished by protease treatment (Figure [3F](#cas14351-fig-0003){ref-type="fig"}), confirming that exosomal proteins were essential in transmitting PI resistance. These results suggest that exosomal proteins are a major source of intercellular communication factors, which play a critical role in regulating the drug‐resistant phenotype of recipient cells.

3.4. Tied Diffusion through Interacting Events integration reveals specific tolerant networks in mixed‐lineage leukemias {#cas14351-sec-0020}
------------------------------------------------------------------------------------------------------------------------

In MLL cell line RS4;11, the gene expression was notably changed under therapy stress (Figure [S3](#cas14351-sup-0001){ref-type="supplementary-material"}A), and enrichment of genes involved in translation and cell cycle processes were observed (Figure [S3](#cas14351-sup-0001){ref-type="supplementary-material"}B), which may also lead to changes in the secretion and components of exosomes. On uptake by recipient cells, exosomal proteins control many differentially expressed genes. Therefore, exosomal proteins are considered as "upstream" events that may influence and be statistically associated with activity of gene regulation in recipient cells.[33](#cas14351-bib-0033){ref-type="ref"} We first performed quantitative label‐free mass spectrometry using isolated exosomes from naïve and PI‐treated RS4;11 cells and analyzed the proteomic datasets. Within this dataset, 159 differentially expressed proteins were identified (FDR \< 0.05, fold change \> 2; Figure [S3](#cas14351-sup-0001){ref-type="supplementary-material"}C, Table [S1](#cas14351-sup-0002){ref-type="supplementary-material"}). Importantly, the large number of differentially expressed proteins enabled an integrated computational approach to identify pathways implicated from this proteomic dataset.

To identify and prioritize the causal protein drivers of the "downstream" gene sets specifically deregulated in recipient cells, we performed RNA sequencing using recipient cells treated with naïve or PI‐treated cell‐derived exosomes, and used the TieDIE algorithm for integrated pathway analysis (Figure [4A](#cas14351-fig-0004){ref-type="fig"}). Using TieDIE, we integrated differentially expressed proteins in exosomes and transcriptomic data of recipient cells to synthesize a robust signaling network, which consisted of 357 nodes (56 exosomal proteins, 48 genes and 253 linker proteins) connected by 2044 edges (Table [S2](#cas14351-sup-0002){ref-type="supplementary-material"}). To simplify this network, interactions that were supported by the proteomic or transcriptomic data were retained, respectively. This resulted in a compact subnetwork with a high level of specificity (Figures [4B](#cas14351-fig-0004){ref-type="fig"},[C](#cas14351-fig-0004){ref-type="fig"}, and [S4 and S5](#cas14351-sup-0001){ref-type="supplementary-material"}), which revealed the master regulator proteins in exosomes and genes in recipient cells, respectively.

![Tied Diffusion through Interacting Events (TieDIE) integration reveals specific tolerant networks in mixed‐lineage leukemias (MLL). A, Flow diagram depicting the integration of gene expression and proteome datasets for TieDIE analysis. B, TieDIE analysis identified 56 exosomes regulatory proteins as "upstream" of the integrated network. C, TieDIE analysis identified 48 differently expressed genes as "downstream" of the integrated network. D, Enriched cancer hallmarks generated by dataset integration using TieDIE after inclusion of the gene expression and proteomic data. E, Detailed *P*‐value of enriched cancer hallmark pathways](CAS-111-1279-g004){#cas14351-fig-0004}

Given a complex integration network, one goal from these approaches was to select proteins corresponding to genes or pathways from PI resistance and then match targeted therapies based on these lesions. Therefore, we compared the 56 selected exosomal regulatory proteins (Figure [4B](#cas14351-fig-0004){ref-type="fig"}) with the DrugBank database and created a list of 31 proteins (31/56, 55.4%) as well as their corresponding drugs or compounds (Figure [S6](#cas14351-sup-0001){ref-type="supplementary-material"}, Table [S3](#cas14351-sup-0002){ref-type="supplementary-material"}). For instance, we identified an increased level of PRMT1 in exosomes released from PI‐treated RS4;11 cells, which has been previously reported to facilitate stem cell‐like properties and resistance to chemotherapy.[4](#cas14351-bib-0004){ref-type="ref"} The data‐induced network also revealed targets such as B2M, HSPA4 and ITGB3, which have been previously reported as targets that could potentially overcome drug resistance.[2](#cas14351-bib-0002){ref-type="ref"}, [3](#cas14351-bib-0003){ref-type="ref"}, [34](#cas14351-bib-0034){ref-type="ref"} Furthermore, the combination of PI with CD38 monoclonal antibody daratumumab or PARP1 inhibitors is effective in patients with multiple myeloma, and may prevent the emergence of resistant cells; the efficacy of this combination therapeutic strategy may also be promising in MLL.[35](#cas14351-bib-0035){ref-type="ref"}, [36](#cas14351-bib-0036){ref-type="ref"} Thus, the differences in exosomal regulatory protein levels could help explain these differences as well as offer new treatment options that could abrogate signaling upstream of these differentially expressed genes.

Next, we further analyzed the results of TieDIE analysis in the form of cancer‐related hallmark pathways (Figure [4D](#cas14351-fig-0004){ref-type="fig"}). The enrichment of genes notably involved in cell cycle pathways and stemness pathways was observed (Figure [4D](#cas14351-fig-0004){ref-type="fig"},[E](#cas14351-fig-0004){ref-type="fig"}). The enrichment of the cell cycle process is intriguing as our results above showed that PI‐treated cell‐derived exosomes suppressed the cell cycle processes of recipient cells, and the subnetwork revealed that *TP53* and *NUP50* genes were involved in the cell cycle deregulation (Figure [S7](#cas14351-sup-0001){ref-type="supplementary-material"}). In addition, we found higher relative enrichment of proteins involved in the stemness pathways (Figures [4D](#cas14351-fig-0004){ref-type="fig"},[E](#cas14351-fig-0004){ref-type="fig"}, and [S8](#cas14351-sup-0001){ref-type="supplementary-material"}), which have previously been able to connect a primary basal stem cell signature to cell resistance with this gene set.[37](#cas14351-bib-0037){ref-type="ref"}

3.5. Inhibiting secretion of exosomes promotes the therapeutic effect of bortezomib in mice {#cas14351-sec-0021}
-------------------------------------------------------------------------------------------

Exosomes create a permissive microenvironment for the emergence of resistance to chemotherapies.[19](#cas14351-bib-0019){ref-type="ref"} Taking our results above, we hypothesized that the altered microenvironment, using GW4869 to inhibit the secretion of exosomes, might overcome PI resistance. To investigate the therapeutic effects of GW4869 in combination with bortezomib on leukemia progression, we transplanted RS4;11 cells into NOD‐SCID mice and evaluated the in vivo efficacy (Figure [5A](#cas14351-fig-0005){ref-type="fig"}). As expected, GW4869 single‐agent treatment showed no benefit for these xenograft mice, suggesting that these cells were insensitive to GW4869 treatment. In contrast, a notably decreased percentage of resistant cells and better responsiveness were observed with the combination treatment of bortezomib and GW4869 than with either of the two agents singly (Figure [5B](#cas14351-fig-0005){ref-type="fig"},[C](#cas14351-fig-0005){ref-type="fig"}). Moreover, the xenograft mice with combination treatment had significant improvement in overall survival (Figure [5D](#cas14351-fig-0005){ref-type="fig"}). These results strongly suggest that the inhibition of exosome secretion strengthens the anticancer effects of bortezomib in treating MLL by preventing the emergence of resistant cancer cells.

![Inhibiting secretion of exosomes strengthens therapeutic effect of bortezomib in mice. A, Treatment schedule for the administration of bortezomib, GW4869 or vehicle. B, Bone marrow cells from the xenograft mice were obtained and dead cells were removed. Flow cytometric detection of CD133 expression and apoptosis was measured 16 h after the addition of bortezomib. Histogram of three independent biological replicates with three technical replicates (right panel). C, The percentage of leukemic cells in the bone marrow of the indicated groups of xenograft mice was monitored using CD133 antibody. D, Kaplan‐Meier survival curves for xenograft mice. E, The illustration depicts how proteasome inhibitor (PI)‐treated cell‐released exosomes induce PI tolerance in recipient cells and the therapeutic function of the combination therapy in mixed‐lineage leukemias (MLL). n.s., not significant; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; by two‐tailed *t* test or log‐rank test for significance. Data represent means of triplicate reactions ± SD](CAS-111-1279-g005){#cas14351-fig-0005}

4. DISCUSSION {#cas14351-sec-0022}
=============

One of the major causes of low efficacy of therapy in MLL is the rapid acquisition of drug resistance. Continuous interactions and exchanges between tumor cells and the TME are involved in the development of drug resistance phenotypes.[38](#cas14351-bib-0038){ref-type="ref"} Investigation of the mechanisms underlying microenvironment‐mediated drug resistance is important to identify novel pharmacological targets for this aggressive leukemia. This work demonstrates the involvement of exosomes in the acquisition of drug‐resistant phenotype in MLL cells (Figure [5E](#cas14351-fig-0005){ref-type="fig"}). In this study, we demonstrated that exosomes derived from cells under therapy stress could induce cell cycle arrest and growth suppression in recipient cells, thereby transmitting resistance to drug‐sensitive cell populations (Figure [5E](#cas14351-fig-0005){ref-type="fig"}). Therefore, exosomes conclusively play a critical role in PI resistance, and our findings implicate that inhibition of exosome secretion during treatment can lead to a systemic and durable therapeutic response and obviate drug resistance.

An expanding body of literature emphasizes the contribution of drug‐tolerant cancer cells in the development of inevitable drug resistance.[9](#cas14351-bib-0009){ref-type="ref"}, [10](#cas14351-bib-0010){ref-type="ref"} Tolerance is generally understood to be the ability, whether inherited or not, of a cell population to survive transient exposure to chemotherapy, which is often achieved by slowing down an essential cellular process.[39](#cas14351-bib-0039){ref-type="ref"} Drug‐resistant cancer cells can not only emerge from the treatment‐mediated selection of subpopulations that present at the start of therapy but also from a general adaptation process under therapy stress. Moreover, the microenvironment and pharmacokinetic conditions of solid tumors as well as hematological malignancies put cancer cells in different situations during therapy stress.[40](#cas14351-bib-0040){ref-type="ref"}, [41](#cas14351-bib-0041){ref-type="ref"} As chemotherapy drugs poison the cancer, neighboring cancer cells respond to the carnage, triggering apoptosis and releasing signals that encourage the survival of nearby sensitive cells. Our study demonstrated that exosomes might function as a driver in the adaptation process under therapy stress. This non--autonomous control of the recipient cell adaptation suggests that exosomes may mediate other systemic stresses.[42](#cas14351-bib-0042){ref-type="ref"} Our study also highlights the importance of preventing the emergence of drug‐tolerant cancer cells through inhibition of exosome secretion. Conceivably, attenuating the acquisition of drug tolerance along with chemotherapy would be an effective way to prevent treatment failure and relapse. To this end, combination therapy strategies, as opposed to sustained mono--therapy, should be used to prevent cancer cells from adapting to a drug‐tolerant state.[39](#cas14351-bib-0039){ref-type="ref"}, [43](#cas14351-bib-0043){ref-type="ref"}

The critical role of exosomes in mediating cell‐cell communication with the TME has gained increasing attention. Functionally, exosomes have elaborate roles in cancer progression via transferring a variety of proteins, DNA and RNA.[44](#cas14351-bib-0044){ref-type="ref"}, [45](#cas14351-bib-0045){ref-type="ref"} Prior studies have described the role of exosomes in cancer progression and aggressiveness.[46](#cas14351-bib-0046){ref-type="ref"} The transport of exosomes is believed to be an effective means of modulating cell signaling and biological function between donor cells and recipient cells.[47](#cas14351-bib-0047){ref-type="ref"} Importantly, the ability of exosomes, derived from drug‐resistant cells, to transmit the resistant phenotype to drug‐sensitive cells has also been indicated as an important mechanism for transference of drug resistance, mainly through transferring of miRNA.[48](#cas14351-bib-0048){ref-type="ref"} However, the mechanisms underlying the contribution of exosomes to the development of transient drug tolerance remain poorly understood. Here, our data suggest that exosomes derived from cells under therapy stress transmit PI resistance to sensitive cells by facilitating cell cycle arrest and stemness pathway activation in MLL cells. We also found that the development of resistance conferred by exosomes could be inhibited by GW4869, possibly due to the blockade of exosome secretion by donor cells. GW4869 has already been used in vivo to inhibit exosome secretion in different disease models,[49](#cas14351-bib-0049){ref-type="ref"}, [50](#cas14351-bib-0050){ref-type="ref"} and combination treatment with bortezomib led to a significant effect on tumor load.[51](#cas14351-bib-0051){ref-type="ref"}

In addition, our data showed that PI treatment induced the release of sEV in MLL cells, indicating a role of sEV in response to PI. Given the essential roles of sEV in the TME, we assumed that the induced sEV might change the microenvironment to favor tumor cell survival. We also observed that a very low concentration of PI‐treated cell‐derived exosomes was sufficient to resist drug‐induced apoptosis (Figure [3C](#cas14351-fig-0003){ref-type="fig"}). These results suggest that the cargos rather than the amount of exosomes play causal roles in the development of PI tolerance. Due to intratumor heterogeneity, whether the exosomes secreted by different cell subpopulations vary in amount and composition is largely unknown and requires further investigation.

Continued development of bioinformatic strategies allows for the integration of datasets, which will enable accurate analysis of the high‐throughput sequencing data and avoid perturbations in single data analysis as well. TieDIE analyses establish an integrative, pathway‐based reference for protein signaling regulation of aggressive MLL and are a valuable reference for further investigation. Specifically, our results revealed information potentially suitable for preclinical models to assess co--targeting or combination therapies. Future in vitro and in vivo experiments will be necessary for further validation of the therapeutic targets for overcoming aggressive acquisition of drug resistance that we present.

In conclusion, using integration analysis, our study demonstrated that exosomes derived from cells under therapy stress transmit PI tolerance to recipient cells through cell cycle arrest and enhanced stemness. Exosomes can act not only as a mediator of development of PI tolerance but also as a therapeutic target to overcome PI resistance, thereby enhancing the clinical benefits of PI therapy in MLL.
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